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ABSTRACT
In a 35000 picture exposure of the Fermilab 30-inch hydrogen bubble
chamber to a 300 GeV/c proton beam 1863 neutral V°'s were measured. The
© ,0,.0 =0 ,=0
inclusive cross sections for v, KS, A“/% and A /I are 257 * 18 mb,
7.3+ 0.6 mb, 3.6 £ 0.4 mb and 1.0 * 0,3 mb respectively, The correlation

with charged particles and other inclusive features are studied.
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I. Introduction.

One of the most interesting results that has emerged from the Fermilab

1,2,3) concerna the production of m°'s and

bubble chamber experiments
neutral strange particles, In particular, these experiments have shown

through studies of the y-conversions in the chamber that there is a strong
correlation between the production of neutral and charged pilons. While those
data suggest a similar behavior between K:'s and charged particles the effect

1s not as striking due to the limited statistics available so far, The A °

also shows an interesting feature in that 1t is predominantly produced in

the fragmentation reglon, with a very low central 'plateau". On the other

hand, the e appears to be produced exclusively iIn the central region. How-

ever the very limited statistics on 9 leaves the question open as to whether

the central reglon is dominated by’&o- £° production. In this p;per we report

on these and other inclusive features of the V's, Here V is uged to refer to
both the strange neutrals as well as the y-conversions palrs. The data represent
a six-fold increase In the number of events over what was previoualy repor;ed

at this energy3). It is important to note that the 303 GeV/c data reported

in reference 3 are not included in this paper and the resulte should be regarded

as from two separate experiments,

IT. Data.

The data of this experiment were from a 35000 plcture exposure of the
Fermilab 30-inch hydrogen bubble chamber to a 300 GeV/c proton beam. Two

independent scans were performed over the entire film sample, and 1924 events

were found to have one or more apparent V's that appeared to be associated with

the primary interactions. This corresponded to 2277 V's. The rules followed

4)

in the scans have been described in a previous publication *. The efficilency



of each scan was found to be 85Z for V detection, which implied that the
combined efficiency of both scans was greater than 97%. An unbiased sample of
1863 V's were measured at the Film Analysis Facilities of the Fermilab, During
the course of the measurements 89 additional V's were found and measured.

This increased the total efficiency to close to 100%Z. Out of the above

gample 65 were found not to be V's under close inspection, and 28 were
impossigle to measure., The measurements were processed using the standard

TVGP and SQUAW programs,

All the V's that falled to reconstruct satisfactorily were remeasured.
After two measurements 840 V's still had unsatisfactory TVGP results and were
measured a third time using the high magnification tables at the Fermilab.
There were 1252 V's within the fiducial volume5), of which 1231 V's passed TVGP
after the three measurements, and were used in kinematiec fits. Of these V's 94 were
not consistent with any 2-constraint hypothesis, and therefore were considered
as not associated with the primary interaction; 10 had successful Z-constraint
fits but failed to give a msatisfactory 3-constraint fit6).

About 1/4 of the V's produced more than one 3-constralnt fit. In about half
of these cases the kinematic ambiguity could be resolved using lonization. The
unresolvable V's were .classified according to the transverse momentum in the
laboratory between the V and its negative track7). This was effective in dis-
tinguishing the y's,and those KZ'S that decay with a helicity angle > -30° in
their rest frame. The KZ - AD(KO) ambiguities that remained (less than 15% of
the ambiguous V's) were all classified by choosing the hypothesis giving the
smallest value for the.quantity |m2C - m0|/02c, where L and 0y, 2re the

2 constralnt fitted mass and 1ts errorﬁ), and m 15 the true mass of the V

in that fit hypothesis.



In order to calculate the decay or conversion probabilities fiducial
cuts on both the primary and V vertices were imposedS). The fiducial volumes
were chosen such that there were at least 8 ¢m of potential decay path
length and 6 cm of measurable charged tracks. An additional cut on the
minimum distance of the V from the primary vertex was also used in order to
account for close-in V's which were misidentified as primary tr&cksS). A
detection probability was then calculated for each ¥V baged on this minimum
distance cut-off and the potentlial path length inside the chosen fiducial
volume.

The inclusive cross sections were calculated by using only the V's going
backward in the center of mass. This was hecause the statistics of the strange

neutrals in the fcrward hemlisphere was extremely poor due to the low decay

probabilities in that region. There was also a depletion of the forward going

mostly due to the confusion caused by the charge tracks in the very forward

do
dy

is a forward-backward asymmetry as indicated by the ratio R =(F - BY/(F + B) =

directign in the bubble chamber. Fig. 1 shows for the y's. There

-0.073 =+ D46 where‘F(B) ig the numher of forward (backward) going vy's after
correcting for the detection probability. However this asymmetry is entirely
due to y's with |y| » 1.5 where R =-,225 * .072, as compared to R =-.006 * .058
for [yl < 1.5. A further correction was made for the v's since the pair-production
cross sectiong) drops quickly for photon momenta below 100 MeV/c in the labora-
tory. These v's were removed and instead we used the y's symmetric in the
Pevrou plot to these low energy y's. The cross sections were then calculated
by doubling the number of V's in the backward hemisphere and welghing each V

by the inverse of 1tsg detection probability and, in the case of the strange
neutrals, the inverse of the branching ratio into charged particles. The average

detection probabilitiles for the backward going V's were PY = 0.016, PK° = (.59,
3



o = 0.60, and PEO = (0.33. The large difference in PAO and Pﬁo reflects

the different kinematlec regions where the A® and £° were produced. The

A

normalization was obtained by scaling the measured sample to the sample
used in determining the total cross sectlon in reference 4 after correcting

for all processing losses.

ITI. Cross Sections.

The calculated cross sections are UY = 257 + 18 mb, Ty = 7.3 £ 0.6 mb,
a

Uﬁolzo = 3.6 + 0.4 mb and %TO/EO = 1.0 £ 0,3 mb. The corresponding average

1A%
8

0.22 + 0.02, <nh0> = 0,11 + 0.01 and ‘nfo> = 0,03 + 0.01. Tables 1, 2 and

numberg produced per inelastic Interaction are <ny> = 7.84 + 0.55, <n_,> =

3 show the topological cross sectlons as well as the number of weighted and
' o Oy
unweighted y's, Ks s and A 's.

The inclusive topological cross sections for the ﬂo, K: and 1% can be

plotted according to the gemi-inclusive KNO scaling equationlo’ll).

UI(n)

<n >
= &

< n. >

1 Uinel n >

where <n > and <n; > are the average numbers per inelastic collision for

charged particles and the inclusive particle studied, cl(n) is the inclusive

cross section asscciated with n charged particles and o is the total

inel
inelastic cross section. The data in Filg. 2 show that within the level of

statistics all three particles follow the same shape, and are quite consistent

n
<n >

with the form for @( ) obtained In reference 10 using inclusive 7° data
from pp and Ep experiments.

There are 10 V's that gave successful 2 constraint fits but failed to
fit any 3 constraint hypothesis. Therefore these V'a are associated with the

primary interaction but are inconsistent with being either y's, KZ'S, A%'s or



£°'s. In order to determine an estimate of the cross section for possible new
neutral particles that decay into twe charged particles we examined the trangverse
momern tum p¥ in the laboratory between the V and one of its tracks. Only one

out of the 10 candidates have p¥ greater than what is allowed by the kinematic
limits of the known particles, These V's have been remeagured at least once

and the results are stable under remeasurements, Therefore we conclude

that there are lﬂtg V's that are possibly new particles. This corresponds

to a cross section of TSfES ub for the production of possible new neutral

particles without correcting for detection probability due to decay lifetime.

IV. Inclusive y Production.

If we assume that all y's come from the decay of 7°%'s the inclusive
7° cross section is 129 £ 9 mb. This is in agreement with the value of
(cﬂ+ + cﬂ_) /2 = 116 + 3 mb calculated from reference 4 under the assumptions
that on the average there 1s one proton produced per inelastic collision and
all other produced charged particles are pions and kaons with Oyt + Og- =
Igo + Ogo = 14,6 £+ 1.2 mb., In the subsequent analysis data from both center
of mass hemispheres are used for the y's, with an additional weight of 1,68
assigned to those yv's with y > 1.5 to account for the forward-backward asymmetry.
In order to investigate the correlation between the neutral and charged plons
we have calculated the average number of '8 produced per inelastic interaction,
< o, > , as a functiorn of negative charge multiplicity n.. Fig 3a shows < n >

10)

versus n_. As was shown earlier” j a monotonic increase in < no > with n- 1s

evident. The straight line represents a fit to the form

<n_ >»=an_+8
o -

over the range where n_ < 9, with a = 0.50 % 0,10, B = 2.26 + 0.32 and a x2 of

5.25 for 8 degrees of freedom.
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Many models have been proposed to explain this correlation between the

12
neutral and charged pions, usually using the idea of cluster formation ).

Recently evidence has been presented that such a correlation may be

caused by the presence of two separate components in the production process.
It was shown that in pp interactions at 19 GeV/c,< n > has little dependence

on n_ when considered separately for annihilation and non-annihilation event3131

It is speculated that in pp interactions the diffractive and non-diffractive

processes may exhibit this same behavior.

In order to examine this hypothesls we separate our data into "diffractive"
and "non-diffractive" events for n- = 0, 1, and 2. Events 1n which the sloweat
track is consistent with being a proton by lonization, and the square of the
missing mass against this "proton" 1s less than 50 GeVz, are considered as

beam diffraction events. We find for these events < n = 1.4 + 0.9,

o ~diff
2.2 £+ 1.1 and 3.7 £ 3,7 for n_ = 0, 1, and 2 respectively. In order to calculate

< no 7 on® WE assume that the cross section for target diffraction equals that

for beam diffraction, and that for n_ > 2 the diffraction cross section 1s

neglible. Fig. 3b shows < n_ > as a function of n-. Although a fit to a
o non

constant gives < n > = 4,3 £ 0.3 with a x2 of 9.3 for the 10 data points,

nevertheless there is some indication of a systematic deviation from < n, >non =

4,3 ¥ 0.3, which would not geem to support the two component hypothesis. The open

circles in Fig. 3b indicate the upper limits for < n >non at n_ = 1 and 2,

14)

which we estimate by taking o = 2,0% 0.2 mb and 0.6 £ 0.2 mb respectively  °;

diff

o
and also assume that no m 's are produced in diffractive events. The same
gystematic deviation from a constant < n, >non gtill persists.

The value for the correlation parameter f;— = <n.n, > - < n, > <n_ >

is 2.0 + 0.6 where n_(no) is the number of negative particles (n°'8) 1in an

10)

inelastic event. This agrees well with previous results , and uaing the

data from reference 4 for fz- = 3,24 20,13, and with f;ﬂ=f;_/2 we observe

the well known relation f;*> fg_ > f;*.
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In Figs. 4a, b, ¢, and d we show 49 nd —L_d9 as well as the
o) dx g
inel inel dp

T 2E  d2o

integrals over p% and x of the invariant cross section 3
' s dxdp
T
where E, Pr and x are all calculated in the over-all center of mass for the

Y. It is clear when compared with lower energy data that at Fermilab energies
scaling has been reached within the level of statistics. The average values

of p, and p; for the y are 0.25 * 0.02 and 0.45 *+ 0.04 GeV/c respectively.

V. Inclusive K: Production.

&)
The KS'S are produced entirely in the central region as shown by the longi-
tudinal rapidity distribution in Fig. 5. There is no evidence of a plateau

in the region fy| <1l. However the ~ 2 mb height near vy = 0 is consistent

with the short range order (SRO) hypotheaisls) which gives

= Uh In

W o

Uincl
o

where I is the height of the rapidity plateau, and 8, is a constant, Using

h o from 200 GeV to
8
300 GeV. This agrees.well with 0,0 = 6.5 * 0.85 mb from reference 2 and our

K
8

o, = 2 mb SRO predicts an increase of about 0.8 mb in o

K

value of 7.4 + 0,6 mb.

in Fig. 6a we show <n ke > versus n_. There is good indication for a
8
similar correlation with n_ as the 7°'s. The straight line is a linear fit

to the form

<n > =oan_+ B

44
g8

for m. < 7. Here o = 0.043 * 0.007 and 8 = 0.052 *+ 0.0L15 with a 12 of 23

. 2
for 6 degrees of freedom, whereas the best fit to a constant gives a X 1in

excess of 55. o o
The differential cross sections in terms of the scaling variables x and

pi are shown in Figs. 7a, b, c, and d. Here again the present dats scales

within errors when compared with lower energy Fermilab datal’z). Recently

16)

the authors proposed a.new set of scaling variables , which appear to apply

to inclusive distributions regardless of 1nitial state and energy. The



proposed scaling variables are P / < Py, > and P / < Py >, In Figs. 8a
< pL > do < pT > do
and b we have plotted the quantities ———— —— and ——— -— versus these
o dpL o de

variables, The solid curve is the fit obtained in reference 16 using data
for production of f  at energles varying from 13 to 300 GeV. The KZ data
agrees well with the curve and 1s an indication of the similarity between

the production of 7's and K's at high energies. The average values of Pr and

PL for the K: are 0.48 * 0.04 and 1.01 % 0.11 GeV/c respectively.

VI. Inclusive AO and Eo Production.

The A°'s are produced predominantly in the fragmentation region. The

longitudinal rapidity distribution in Fig. 92 shows & peak near y = -2.

The exact position of this peak appears to depend upon the associated charge
multiplicity n.. In Fig. gb %% is plotted separately for A°'s with n_ < 6
and n, > 6. The low multiplicity peak at y = -2.,5 1s very similar to the one

17
observed in the inglusive production of A++ )

. The shift of 1/2 unit in the
peak position for the two classes of 7°'s leads to the speculation that two
different production processes may be present. At y less than -2.5 the A° 1s

predominantly associsted with events where n, < 6. Simple kinematics show

that a pion produced in these events has an average rapidity of y = -2, and

in the extreme case may have a rapldity that is at most equal to that

of the A°, This is consistent with the process where the 2% 1s produced

at the target vertex via some fragmentation or exchange mechanism. At the
higher multiplicities, where nc>6, the A° rapidity peaka at y = -2, In this
case a pilon produced in the same event has on the average, a rapidity that
is about the same &s the A°, However this pilon can have a rapidity that

is far more negative than that of the A°. It thus appears that the A° e
probably not produced at the target vertex but rather closer to the central

region.



-9-

In Fig. 92 we also show %% for the A°'s. It is clear that the A°'s are
produced entirely in the central region, and the 1 mb cross section is almost
exactly equal to that of the 2° in the same region. It is worth noting that

egsentially all the A%'s are produced in events where n, 2 6. The present data

then indicate that all the A®'s and 2°'g are produced via A°-x° production

in the central region.
The average values of Pr and PL for the A° are 0.52 + 0.06 and 4.24 = 0.62

GeV/c respectively. 1In Figs. 10a, b, ¢, and d we show the differential cross

sections in terms of x and pg together with lower energy data. The data appear
to have reached scaling limit gt Fermilab energies. The dataz show no corre-
lation between < n >po and < n_> as shown in Fig. 11 where the straight line

fit is consistent with being flat.
We have measured the peolarization of the Ao, Non-zero inclusive A°
polarization has been meagsured in 7 p interactions at 18.5 GeV/c although the

n+p data at this same energy show no polarizationle). Inclusive A° polarization

measurements at higher energlea have not been reported. Although our statistice
are not large, our data do allow a rough measurement of the A° polarization.

The polarization, P, 1s measured normal to the plane containing the
momenta of the A® and the fnitial proton. The observed distribution

is fitted to a function of the form.

dN

= 1 + aPcost
dcoss P
P

where o 1s assumed to be 0.64719)and Bp is the polarization angle defined

by - _
(py x B -5,

13, x X [3,]

cosf =
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with ;1 = incident proton momentum, T =a° momentum in the overall c.m. and
;A = momentum of the proton from 1° decay in the A° ¢.m. The observed distri-
bution is shown in Fig. 12, where the number of A°'s corrected for detection
efficlency 1s plotted versus cos Bp. Corrections for processing loss, normali-

zation, and production in the forward hemisphere are not 1included. The solid

0.34 £ 0.29, The dotted

1]

straight line is a best fit ylelding xz = 1.1 for P

line corresponds to zero polarization yielding a xz 2.5. Thus our results

are consistent with zero polarization for the A°. If we restrict our sample

to those events for which |tp o| < 2.0 (GeV/c)2 we obtain P = 0,54 % 0.43,

s A

again consistent with zero polarization.
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Fig. 1
Filg. 2
Fig, 3
Fig. 4.
Fig. 5
Fig. 6

Figure Captions

Longitudinal rapidity distribution for inclusive y's.
a > 1@

< > g
nI inel

o .0 o
versus for w , KS and A", < n > and < n_ >

1

are the average numbers per inelastic collision for charged

inelusive cross section associated with n charged particles and
9 nel is the total inelastic cross section. The curve is a fit
from reference 10 using inclusive 7° data from pp and Ep

experiments.
&, The average number of °'s preduced per inelastic Interaction

plotted as a function of negative charge mulciplicity. The

straight line 1s 2 linear fit to the data,.

b. The average number of m°'g produced per non-diffractive inelastic

interaction versus the negative charge multipliecity. The straight

line is the best fi# to a constant < n_ >. The open circles
indicate upper limits for < n_>_ .
o non

Inclusive digtributions for pp » v + anything.

a, L dg versus X, b. Erl;—- do
inel de

2
versus p.. .
Uinel dx T
c¢. The invarisnt cross section integrated over Pp Vversus x.

d. The invariant cross section Integrated over x versus pi.
Longitudinal rapidity distribution for inclusive K:'s.
The average number of K:'s produced per inelastic interaction

plotted as a function of negative charge multiplicity. The

straight line 1s a linear fit to the data.



Fig. 7 Inclusive distributions for pp > K: + anything.

a L 4o versus x b do ersus 2
- dx ' -T2V P ‘
inel dp
T
¢. The invariant cross section integrated over p% versus X.

d. The 1invariant cross section integrated over x versus p%.

< Py, g do PL ) P ” do P
Fig. 8 a. o 4o versus - . b. = i versus —— .
P P Py Pr

for the reaction pp +'K:X. The solid curves are fits from

reference 15.

Fig. 9 a. Longlitudinal rapidity distributions for A° and 1°.
b. Same distributions for the A° nlotted separately for charge
multiplicity n, < 6 and n, > 6. The dotted and solid lines

are drawn to guide the eye.

Fig. 10 Inclusive distributions for pp -+ A° + anything.

L dg versus X b 4o ve 2
. o . ) rsus po.
inel de

¢. The invariant cross section integrated over Py Versus Xx.

d. The invarisnt cross section integrated over x versus p%.

Fig, 11 The average number of 2% produced per inelastic interaction
plotted as a function of negative charge multiplicity. The

straight line is a linear fit to the data.

Fig, 12 Polarization angular distribution of the A°, The polarization
angle BP iz defined in the text. The solid line is the best
linear fit to the data with polarization parameter P = 0.34 * 0.29.

The dotted line corresponds to P = 0.
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